In order to enhance the accuracy of the relative velocity measurement for the Mars 13 explorer formation flight, we develop a relative velocity measurement method. In this method, the 14 spectrometers at two Mars explorers are adopted to measure the starlight frequency shift and to 
Introduction

31
The formation flight of the deep space explorers is a novel area of aerospace technique [1, 2] . The 32 formation flight can increase redundancy backup, decentralize the risk, and provide a multi-platform link [10] is a mature measurement for relative navigation, which can provide high-accuracy range 48 between two spacecrafts. This technique has been applied to some missions. For example, GPS Block
49
IIR and Block IIF satellites have fixed crosslink transponder. Xiong has proposed the relative 50 navigation with the inter-satellite links and the time difference of arrival from X-ray pulsar [11] . Its 51 relative navigation accuracy is enhanced. Combined with the orbit dynamic model, this method can 52 also provide the absolute navigation information with the low earth orbit. However, it is not suitable 53 to the transfer orbit, and its relative accuracy is limited. The vision-based relative navigation is a 54 commonly-used method, which utilizes the star sensor to observe the flying Mars explorer according 55 to the explorer reflectivity. However, it is subjected to the long distance between a pair of Mars 56 explorers. Based this method, Xiong has also develop a relative navigation method based on the star 57 sensors and inter-satellite links, where the star sensors are utilized to observe other satellites [10] .
58
Thus, this method is still only fit for the short-distance between two spacecrafts.
59
As we know, currently, the celestial information on the star which can be measured includes the 60 direction vector and the relative velocity. The traditional celestial navigation method adopts the 61 direction of star as the measurement. And the relative velocity measurement can not be exploited 62 now. In fact, the velocity measurement accuracy of the spectrometer is very high, and can reach 63 0.01m/s. When we utilize the spectrometer to observe the light from the celestial body, the relative 64 velocity between the celestial body and the spacecraft can be estimated according to the frequency 65 shift of the light. However, currently, we are not able to high-accurately predict the instantaneous 66 velocity of the celestial body, especially the star. That is to say, we can not estimate the absolute 67 velocity of spacecraft with the starlight frequency shift.
68
In this paper, in order to exploit the starlight and resist the impact of the proper motion of star 69 on the spacecraft velocity estimation, we develop a novel relative velocity estimation method with 70 starlight. In this method, the velocity between the spacecraft and the celestial body is measured by 71 the spectrometer at spacecraft. The difference of these two velocities of two spacecrafts is the relative 72 velocity between two spacecrafts at the direction of star. However, we find that the relative velocity 73 navigation system is not observable. In order to make the celestial autonomous navigation system for 74 formation flight observable, we combine the relative velocity measurement method with the X-ray 75 pulse TOA and the inter-satellite links, and propose a novel integrated navigation scheme, where the 76 EKF (extended Kalman filter) is adopted as the navigation filter to provide the absolute and relative 77 navigation information.
78
This paper is organized into five sections. After the introduction, the relative velocity 79 measurement using starlight frequency shift is developed in Section 2. The integrated navigation 80 filter is described in Section 3. The simulation results in Section 4 demonstrate the robustness and 81 accuracy of this presented method and conclusions are drawn in Section 5.
82
Relative Velocity Measurement Using Starlight Frequency Shift
83
In the traditional celestial navigation method, the direction of the star is fully exploited. The star 84 sensor is employed to measure the direction of star precisely. And the attitude of spacecraft can be 85 determined accurately with three or more stars. When the spacecraft is near a celestial body such as 86 the earth, the spacecraft's position can be also determined via measuring the star-earth angle or the elevation angle to star. But in the transfer orbit, the accuracy of this method is very low due to the 88 long-distance between the spacecraft and the near celestial body.
89
In fact, both the star direction and the starlight frequency can be measured from the star. 
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The navigation performance analysis
141
In this section, we analyze the performance of the relative navigation based on starlight 142 frequency shift from the following three aspects: (1) the observability of navigation system; (2) the 143 measurement noise; (3) the applicable conditions.
144
(1) The observability of the navigation system. The observability of the navigation system is an 
151
For the frequency shift-based navigation, the relative velocity measurement matrix, k H , can be 152 represented as follows:
153
According to Eq. (11) and (12), we can construct the observability matrix, O , which can be 154 expressed as follows:
155
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When the observability matrix is a full column rank matrix, the navigation system is observable.
157
Obviously, the matrix O is not a full column rank matrix. Thus, the starlight frequency shift-based 158 navigation system is unobservable. Namely, this navigation method can not work alone, and is only 159 utilized as an aided navigation method. In this paper, we combine it with the X-ray pulsar navigation 160 system, which is observable.
161
(2) The measurement noise. Suppose that the variances of From above equations, we can see that the measurement noise increases. However, the velocity 165 measurement noise caused by the spectrometer is 1cm/s, while the predicted radial velocity error of 166 star is on the order of 10m/s. Therefore, it is worthy to eliminate the predicted radial velocity error of 167 star at the cost of the increase of measurement noise.
168
(3) The application situations. This relative navigation is fit for the whole space since the starlight 169 can be observed in the whole space. As we know, in the vision-based relative navigation, the observed 170 spacecraft may be rarely visible to the observer's star sensor in the case that the spacecrafts are far 171 from each other [10] . Unlike the vision-based relative navigation, the starlight frequency shift-based 172 relative navigation method does not observe the spacecraft reflectivity. As this relative navigation 173 method observes the starlight, it can work very well even if the distance between two spacecrafts is 174 very long.
175
Moreover, like the inter-satellite links, the relative velocity measurement method based on 176 starlight can be applied to several spacecrafts.
177
Navigation Filter
178
As the navigation system for the Mars explorer formation flight is nonlinear, we employ the EKF 179 as the navigation filter due to its good performance in nonlinear estimation. The equations for 180 extended Kalman filter can be found in Reference [12] .
181
In order to make the celestial autonomous navigation system observable, we integrate the 182 relative velocity measurement with the X-ray pulsar navigation [13] and the inter-satellite links, and
183
propose the velocity measurement/pulsar/inter-satellite links integrated navigation.
In the process of the pulsar observation, only the relative velocity measurement and the inter- 
189
As the relative velocity navigation system based on starlight is unobservable and can only be 
202
The creation of a catalog of pulsars is most useful for deep space navigation. The figure of merit
203
for X-ray pulsar assists in identifying pulsars with the potential to provide good timing and range 204 accuracy, and its expression can be found in reference [13] . It is assumed that there is no clock error 205 for the spacecraft. Thus, in order to make the navigation system observable, three X-ray pulsars are 206 required. In this paper, three commonly used pulsars, whose figures of merit are highest in all pulsars, 207 are adopted, and the right ascension angles and declination angles of those pulsars are shown as 208 Table 2 . The pulse TOA measurement accuracy can be calculated as reference [13] . The X-ray 209 background radiation flux is 0.005ph/cm2/s. The area of the X-ray sensor is 1 m2. The X-ray pulsar 210 observation period is 1000s.
211
Two brightest stars (Sirius, Canopus) are adopted as the navigation stars. Their parameters are 212 shown in Table 3 .
, Number of X-ray sensors 3
Number of spectrometers 2
The measurement error of spectrometer 0.01m/s
The predicted radial velocity error of star 10m/s
The error of inter-satellite links 1m
The X-ray pulsar observation period 1000s
The star observation period 5s 
219
The other parameters of the navigation filter are shown as Table 4 .
220
We investigate the performance of the integrated navigation and the pulsar navigation. Figure   221 2 shows the performance comparison of these two navigation methods using the same simulation 222 conditions described above. As the results in Figure 2 demonstrate, the two methods can converge 223 very well, and the integrated navigation performs considerably better. 
233
Next, we investigate the impact of the X-ray sensor's area on both the integrated navigation and 234 the X-ray pulsar navigation. Table 5 , it is interesting to note that the 245 integrated navigation accuracies with different frequency shift measurement error are higher than 246 that of X-ray pulsar navigation.
247
Conclusions
248
In this paper, a novel relative velocity measurement method is developed, which employs the 249 spectrometers as the sensors and gets the relative velocity between a pair of Mars explorers from the 250 starlight. It can be only utilized as an aided navigation method due to its unobservability. We
251
combine it with X-ray pulsar navigation, and propose the starlight Doppler/pulsar integrated 252 navigation method for formation flight. In the proposed integrated navigation system, the relative 253 velocity, the pulse TOA and the inter-satellite link are the navigation measurements. The simulation 254 results demonstrate that both absolute and relative autonomous navigation accuracy of the proposed 255 integrated navigation method are higher than that of the X-ray pulsar navigation, especially the 256 relative navigation. And the proposed method improves the velocity estimation accuracy greatly,
257
especially the relative one.
258
The relative velocity measurement method for formation flight has the following virtues: (1) it 259 is completely autonomous; (2) it can work in whole space; (3) it provides highly-accurate relative 260 velocity; (4) it is not subjected to the distance between a pair of Mars explorers. Therefore, this relative 261 velocity measurement method is a good aided navigation method for formation flight. Besides the 262 advantages of the relative velocity measurement method, the proposed integrated navigation can
